ABSTRACT. The aim of this study was to investigate the effect of exposure period and dose of diethylstilbestrol (DES), which has strong estrogenic activity, on pregnancy in rats. All rats with observed vaginal plugs or sperm in vaginal smear tests after mating were divided into 3 groups: those fed a normal diet, a diet mixed with DES throughout pregnancy and a diet mixed with DES from day 13 of pregnancy. DES was mixed into the diet at 0.1, 1, 10 and 100 ppm. All bred rats fed the normal diet and 0.1 ppm DES from day 13 of pregnancy delivered pups, while none of the rats treated with 1-100 ppm DES during pregnancy and 100 ppm DES from day 13 of pregnancy delivered any pups. The number of male and female pups born decreased in rats treated with 10 ppm DES from day 13 of pregnancy. These results suggest that DES could affect pregnancy and that the exposure period and dose may result in sterility, abortion, poor fetal growth and reduced number of pups born.
There is evidence that many environmental endocrine disruptors act as sex hormones, particularly during the perinatal or neonatal period, directly or indirectly affecting reproduction in human and rats [14, 21, 23] . Endogenous hormone mimics have been proposed for a number of adverse human health effects, including infertility, abnormal prenatal and childhood development and reproductive cancers [18] .
In humans, women exposed to diethylstilbestrol (DES), a synthetic estrogen with strong estrogenic activity, during pregnancy have a moderately increased risk of breast cancer [17, 23] . It is also known that the frequency of vaginal clear cell adenocarcinoma is increased in young women whose mothers used DES to prevent or lower the risk of abortion [4, 23] ; women had taken the DES tablets at 50-200 mg/day during pregnancy [1] . However, DES is ineffective in prevention of miscarriages and premature births [4, 23] . DES has also been used as a good model reagent for investigation pre-or post-natal effects of estrogenic compounds on females using animal models for human extrapolation.
We have previously reported that neonatal administration of DES induced persistent estrus and an absence of corpus lutea in female rats due to disturbance of the gonadotropinsecreting system in the hypothalamus [11, 16, 24] . However, it remains to be determined whether the administration of DES affects pregnancy in rats.
In this study, doses of 0.1 to 100 ppm DES were selected because daily gavages with DES at 90 mg/kg/day during pregnancy result in high prenatal fetal mortality in rats [2] . The period after major organogenesis also selected for examination of DES, from day 13 of pregnancy, because the period of major organogenesis in rats is from day 6 to day 15 of pregnancy [8] ; in particular, development of mammary hillocks occurs on day 13 of pregnancy [20] . Therefore, the pregnant rats were fed a diet containing 0.1 to 100 ppm DES during the entire pregnancy period or the pregnancy period after major organogenesis to investigate the effects of exposure period and dose of DES on pregnancy in rats.
MATERIALS AND METHODS

Animals:
The animals were adult female inbred SpragueDawley rats. Their body weights (BWs) were 214.4-265.4 g (mean value 238.5  12.1). The animals were maintained in a filtered air laminar flow at the Institute of Laboratory Animal Sciences, Frontier Science Research Center, Kagoshima University, and given a commercial diet (CE-2; CLEA Japan, Inc., Tokyo, Japan) and tap water ad libitum. The room was maintained at 25C  2C and at 55% 10% relative humidity, with a 12 H light/dark cycle. Use of the animals in this research complied with all relevant guidelines set by Kagoshima University.
Experimental design: All rats with observed vaginal plugs or sperm in vaginal smear tests after mating were divided into three groups (Fig. 1) . The rats in groups I (n=7), II (n=34) and III (n=29) were fed only CE-2, CE-2 mixed with DES (Sigma Chemical Co., St. Louis, MO. U.S.A.) during pregnancy or CE-2 mixed with DES from day 13 of pregnancy, respectively. Subgroup a, b, c and d, were fed diet containing 0.1, 1, 10 or 100 ppm DES, respectively. The numbers of animals in groups IIa-d and IIIa-d were 8, 8, 8, 10, 8, 7, 7 , and 7, respectively. The animals in groups IIIa-d were fed only CE-2 on days 0-13 of pregnancy, just like the control group. Two animals in group IIId died before delivery. All pups were weighed at birth. Lactating dams in groups I and IIIc were fed only CE-2.
Six, five and six lactating dams were selected randomly from groups IIa, IIIa and IIIb, respectively, and fed only CE-2; the rest of the dams in groups IIa, IIIa and IIIb were used in other experiments. The pregnant rats underwent necropsy after determination of pregnancy failure (exceeded the pregnant period) or weaning (25 days after birth) following delivery, and the body, ovaries, uterus, adrenal glands and pituitary gland were weighed.
Histopathological examination: All right abdominal mammary glands (R4-6), ovaries, adrenal glands, pituitary glands, uteri and vaginas were fixed in 10% phosphate-buffered formalin, dehydrated and embedded in paraffin. They were sectioned into 5 m slices, stained routinely with hematoxylin and eosin (HE) and then examined histopathologically.
Statistics: Statistical analyses were performed using Dr. SPSS II for Windows as described previously [10, 16] . The mean differences were evaluated by Student's t-test. The data are shown as means  standard deviation (SD). The incidences (percentages) were tested using a four-fold contingency table (chi-square test). Table 1 shows the mean food volumes/day during the entire pregnancy period in groups IIa-d and from day 13 of pregnancy in groups IIIa-d, which were significantly lower than in group I (control).
RESULTS
The BW gains of the bred rats in groups IIa and IIb-d on the 7th day of pregnancy and in groups IIa-d on days 13 and 21 of pregnancy were significantly lower than in the controls (Fig. 2) . On day 21 of pregnancy, the BW gains of the bred rats in groups IIIb-d were significantly lower than in the controls (Fig. 3) . Table 2 shows that all bred rats in groups I and IIIa delivered pups, while no pups were delivered in groups IIb-d and IIId. Table 3 shows that the numbers of both male and female pups in group IIIc were significantly lower than in the controls. The BWs of the male pups in groups IIa, IIIb and IIIc and those of the female pups in groups IIa, IIIa, IIIb and IIIc were significantly lower than in the controls. Table 4 shows that the percentages of male and female surviving pups at 7 days after birth in groups IIIb and IIIc were significantly lower than in the controls.
In group IIId, two of the four animals that did not deliver any pups died, and dead fetuses were found in their uteri. Table 5 shows that, at necropsy, the BWs of the bred rats in groups IIb-d, IIIc and IIId and ovary weights of dams in groups IIb-d and IIId were significantly lower than in the controls. The uterus weights of the bred rats in groups IIbd, adrenal gland weights of the bred rats in groups IIb, IIIb, IIIc and IIId and pituitary gland weights of the bred rats in group IId were significantly higher than in the controls. Table 6 shows that the incidence of bred rats with active lactation in groups IIb, IIIc and IIId was significantly lower than in the controls. The incidence of rats with mild lactation in groups IIb, IIIc and IIId was significantly higher than in the controls. Table 7 shows that the incidences of bred rats with hydrometra in groups IIc and IId were significantly higher than in the controls. No placenta remnants were seen in any of the rats with pregnancy failure in groups IIa-d. In group IIId, two animals had dead fetuses in the uterus, and no placenta remnants were found in the uteri of the other two animals. The incidences of bred rats with neutrophils in endometrium and vaginal keratosis in groups IIa-d, IIIc and IIId were significantly higher than in the controls.
Histopathological examination: In the histopathological examination, proliferation of mammary glands with marked secretion of milk, indicative of active lactation; proliferation of mammary glands with mild secretion of milk, indicative of mild lactation; and no proliferation of mammary glands (no lactation) were observed (Fig. 4) . Microscopic examination revealed that the uterine wall was thin in the DEStreated rats with hydrometra (Fig. 5) . Neutrophil infiltration was observed in the endometrium in the DES-treated rats and was severe in the rats that experienced delivery failure, including those with dead fetuses in the uterus (Fig. 6 ). Microscopic examination also revealed foci of glycogen cells between the muscle layer and serosa in placenta remnants in the uteri of the control and DES-treated rats (Fig. 7) .
Vaginal keratosis was seen in the DES-treated rats (Fig. 8) .
No abnormal changes were seen in the ovaries, adrenal glands or pituitary glands of any of the rats.
DISCUSSION
Pregnancy failure in the bred rats treated with 1-100 ppm DES from day 0 of pregnancy is believed to have been induced by implantation failure or early abortion because neither increasing BW gain nor placenta remnants were observed. The present study added a new finding that oral exposure to DES in the early phase of pregnancy prevents pregnancy. The strong estrogenicity of DES induced implantation failure in the present study in the same way that administration of 17-estradiol (E 2 ) before implantation inhibits implantation in mice [22] . In turn, pregnancy failure in bred rats treated with 100 ppm DES from day 13 of pregnancy was thought to be a result of abortion and delivery failure because dead fetuses and placenta remnants were observed, respectively. The present study also revealed that oral exposure to a large dose of DES in the late phase of pregnancy induces abortion. In the past, usage of DES as an anti-abortive agent was based on the assumption that the hormonal balance in problematic pregnancies is disturbed [18]. In the present study, delivery failure was thought to be related to hormonal conditions with a relative excess of estrogen due to the strong estrogenicity of DES. Moreover, decreased BW in rats treated with 1-100 ppm DES throughout pregnancy or 10-100 ppm DES from day 13 of pregnancy contributed to pregnancy failure. Decreased ovary weight in rats treated with 1-100 ppm DES throughout pregnancy or 100 ppm DES from day 13 of pregnancy also contributed to pregnancy failure because ovary weight increases with the progress of pregnancy [19] . The present study revealed that feeding female rats a diet containing 0.1 ppm DES during pregnancy did not affect the number of pups born, while feeding female rats a diet containing 1 or 10 ppm DES from day 13 of pregnancy decreased the number of pups born in a dose-dependent manner. This suggests that DES may have been responsible for inducing abortion in the rats. This study also revealed that feeding DES during pregnancy decreased the BWs of pups at birth. The strong estrogenicity of DES reduces food consumption in bred rats in the same way that  E 2 reduces food consumption [3] . In turn, estrogen replacement reduces BW in growing rats [15] , although the effect of estrogen on fetal growth is unknown. Therefore, the decreased BWs of the pups may result from reduced food consumption of dams or the strong estrogenicity of DES.
Active lactation in rats with feeding (groups I, IIa and IIIa-c) was the result of physical lactation with feeding. Active and mild lactation in rats without feeding (groups IIb-d and IIId) was probably induced by DES based on the fact that injection of high doses of E 2 induces lactation [9] .
The increased uterus and pituitary weights and hydrometra in the rats treated with DES from day 0 of pregnancy were thought to be due to the strong estrogenicity of DES [7, 9, 12] . The bred rats with neutrophil infiltration in the endometrium and vaginal keratosis were thought to be in pro-estrus or estrus [13] . It is possible that the strong estrogenicity of DES induced persistent estrus in the rats administered DES because rats administered DES show a high incidence of pro-estrus or estrus at necropsy and neonatal administration of a single high dose of DES and E2 induces persistent estrus in female rats [6, 16] . Moreover, increased adrenal gland weights were observed in the rats treated DES. The precise mechanism of this increase is unknown, but it has been suggested that this phenomenon may be the result of stress [5] .
In conclusion, these results suggest that the strong estrogenicity of DES could affect pregnancy and that the exposure period and dose may result in sterility, abortion, poor fetal growth and reduced number of pups born.
